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Figure 8. Proposed model. The capacitor is formed between a metallic Al film (blue) and a layer 
of graphene (black). The dielectric spacer between the plates (yellow) is Al 203. The dashed lines 
show hypothetical charge traps. They are positioned along straight lines for the sake of an easier 
analysis. In reality, the position of the charge traps is random. We estimate that the number of 
traps is of the order of I% of the total number of atoms in the dielectric layer. The distance between 
the dashed lines is dp. 

The model is illustrated in Fig.8. A plane capacitor was formed between two metallic plates 
(blue and black) and a dielectric spacer (yellow). The position of the charge traps is shown by 
dashed lines, schematically. For simplicity, we assumed that the charge traps were positioned 
along the dashed lines, their distance from the left metallic plate being xn=dp *n, where n= 1,2,3 . .. 
is an integer and dp is the distance between trap planes. Let us assume that the left metallic plate 
is negatively biased and the electrons propagate to the right, into the dielectric, by means of 
quantum tunnelingl16l (see the horizontal blue an-ows). Note that the match between the energy of 
the incoming electron and the energy of the state localized in a trap does not have to be perfect 
since electrons exchange some energy with the thermal bath. All reported experiments were done 
at room temperature, to enable thermal fluctuations to help with tunneling between states with 
slightly different energies. Tunneling events can happen from the metallic plate to a trap inside the 
dielectric; they can also happen inside the dielectric, from one trap to a neighbor trap, but this 
possibility is not analyzed here. The probability of a tunneling event was controlled only by the 
distance over which the tunneling occurred, and not by the initial position of the electron. 

According to the elementary theory of quantum tunneling, the tunneling probability to the 
first trap plane (top arrow, Fig.8) can be estimated as p1=C*exp[-x1/1;]=C*exp[-dp/1;]. Here 1; is the 
localization length of the electronic wave function. The tunneling rate to the second layer (middle 
arrow, Fig.8) of charge traps was p2=C*exp[-x2/1;]=C*exp[-2dp/1;], because the second layer was 
removed from the initial location of the tunneling electrons by distance 2dp. The third layer was 
removed by a distance 3dp, so the corresponding tunneling rate (bottom arrow, Fig.8) was 
p3=C*exp[-x3/1;]=C*exp[-3dp/1;], etc. The rate of tunneling events occurring over a distance of n 
steps was p 11=C*exp[-x11/1;]=C*exp[-ndp/1;]. The underlying assumption here is that the relevant 
electronic states were localized, since they took place inside the dielectric layer. 

Let us now assume that a voltage is applied and the electrons begin to tunnel into the 
dielectric or inside the dielectric, because the energy of the available traps is reduced and becomes 
comparable to the Fermi energy in the metallic electrode. Assume that we wait a time duration t 
and then estimate how many charge-trap planes are charged (filled with electrons). It can be said 
that the time interval needed to achieve a tunneling of an electron by n steps is Tn~l/pn, So within 
time t all possible electron tunneling events that are characterized by the condition 1/pn<t will 
occur. The farthest charged penetration distance, nmax(t), which will be filled within time t, is 
defined by the condition Tn~t, or Pn_max~llt, or C*exp[-dpnmaJl;]~l/t. This can be solved to obtain 
nmax=(l;ldp)ln(tC). So the charge that can enter the dielectric within time tis Q(t)=Mp*nmax, where 
Mp is the number of traps per one trap plane. If the chosen number of planes on which the charges 
can shift is Np, then Mp=Ntrap/Np, where Ntrap is the total number of charge traps in the sample. The 
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number of layers has been chosen for simplicity, so Np can be any integer number much larger 
than one. But Np should not be too large, so that Mp is still much larger than unity. In this model 
the distance between the planes is dp=d/Np, where dis the total thickness of the dielectric. 

We can now make a prediction for the total charge that enters the dielectric within time t, 
namely Q(t)=Mp*nmax=(sMp/dp)ln(tC) (n.b., this model is only applicable if tis sufficiently large 
so that the number of charged trap planes is larger than unity). Thus, the charging current should 
depend on time as follows: I(t)=(dQ/dt)=(sAfp/dp)(l/t). This is very similar to the experimental 
observations. 

The same current, presumably, exits the dielectric since tunneling is reversible if the 
voltage is removed. Thus the discharge current should also be defined as I(t)=(sAfp/dp)(l/t). Our 
experimental tests confirm that the charging and discharging of current curves are very similar 
(not shown). The power dependence of the experimental discharge curves is indeed similar to the 
predicted 1/t dependence (Fig.6). 
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